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NUMERICAL CALCULATION OF BOUNDARY -INDUCED 
INTERFERENCEINSLOTTEDORPERFORATEDWINDTUNNELS 
INCLUDING  VISCOUS EFFECTS IN SLOTS 
By James D. Keller 
Langley  Research  Center 
SUMMARY 
A  numerical  method is presented  for  calculating  the  incompressible  boundary- 
induced  interference  in wind tunnels of rectangular  cross  section with slotted or   perfo-  
rated walls. The  method  includes a wall  representation  which is capable of satisfying a 
generalized  homogeneous  boundary  condition  including  the  effects of viscosity within the 
slots.  The  effects of viscosity  in  the  slots are found to be very significant. The method 
allows  for a variation  in  the  boundary  conditions  along  the  tunnel  walls.  The  model  can 
be  any  configuration  and  can  be  located  anywhere  in  the  test  section.  The  interference 
can be  computed at any  point in  the test section. 
INTRODUCTION 
In order  to  obtain  accurate  wind-tunnel  data,  the  measured  quantities  must often be 
corrected  to account for  the  interference  caused by the  wind-tunnel  boundaries.  Theo- 
retical  methods  are  presently  available for predicting  the  interference due to  the  tunnel 
walls in certain  cases.  The  analytical  methods are limited  to  infinite-length test sections 
with  constant  wall  properties  in  the  tunnel  stream  direction.  Some  methods are limited 
as to  model  size,  position,  and  load  distribution.  A  numerical  method  €or  calculating 
the  boundary-induced  interference  in  ventilated wind tunnels is presented  in  reference 1. 
The  method  consists of dividing  the  tunnel  walls  into  rectangular  elements  which are each 
represented by a source  distribution.  A  matrix  equation is then  solved to find  the  source 
strengths which  allow  the  boundary  conditions  to be satisfied at the  centroid of each ele- . 
ment.  In  reference 1 each  element was represented by a source  distribution of constant 
strength over the element. This representation is particular€y well suited to satisfying , 
an  ideal  slotted-wall  boundary condition. The ideal slotted-wall  boundary  condition, how- 
ever,  is only a special case of .a more  general  boundary  condition  which  can  include  the 
effects of viscosity  within  the  slots. 
The  present  investigation deals specifically  with a modified  representation  for  the 
tunnel  walls  which is suitable  for  the  satisfaction of the more general  boundary  condifion 
including  the  effects of viscosity  in  the  slots.  The  method  presented is limited to incom- 
pressible flow  and  cannot  handle  the  usual  assumption of a test section  which  extends to 
infinity  upstream  and  downstream of the  model.  The  .method  also  requires  the  experi- 
mental  determination of one of the  parameters  in  the  boundary  condition.  The  method  has 
broad  applicability,  however,  because  the  boundary  conditions on the  tunnel walls may 
vary almost without limit. The model representation is also quite general. The model 
may  be  located  anywhere  in  the  test  section  and at any  orientation. A sample  computer 
program  used  in  making  the  calculations is given  in  an  appendix. 
SYMBOLS 
a effect of one  el ment on another 
b  effect of model on an  element 
c1 ,c2,c3,c4 coefficients  in  equation (4) 
d  distance  between  slot  cen ers 
2 slot  parameter 
N total  number of elements 
n  direction  n rmal  to wall 
R 
S 
t 
restriction  parameter 
wing span 
slot width 
upwash  velocity  caused by tunnel  walls 
Cartesian  coordinates 
circulation of model 
lift interference  factor 
Cartesian  coordinates 
U source  distribution  strength 
co perturbation  velocity  potential  function 
v* velocity  potential  function  for  an  element  divided by 0' for  the  lement 
Subscripts: 
i at ith  element 
j at jth  element 
L downstream  end of each  source  distribution 
m  due to  model 
W due to tunnel walls 
ANALYSIS 
General  Statement of Problem 
The  governing  equation  used  in  the  analysis of incompressible  wind-tunnel  inter- 
ference is 
where cp is the perturbation velocity potential function for the entire flow field. Let 
q = cpm + cpw where qm is the potential function of the disturbances due to the model 
in  free air and qw is the  potential  function of the  additional  flow  due  to  the  tunnel walls. 
If cpm is taken as a lmown solution of equation (1) which approximates  the flow field at 
a distance from the model in free air, then qw can be determined by the fact that q 
must satisfy certain  boundary  conditions at the  tunnel walls. The  objective  in  determining 
cpw is to be  able  to  calculate  the  change  in  the  free-stream  conditions  caused by the  tun- 
nel walls. Since qm needs  to  be known only on the tunnel walls, any inaccuracies in 
qPm near  the  model  will  have  no  effect  on  the  determination of qw. 
3 
Boundary  Conditions 
The bounda’ry  condition to be  satisfied at a solid  boundary is that  there  can  be no 
flow  through  the  boundary;  that is 
2% 0 
an 
where n is the direction normal to the wall (positive outwards). The boundary condi- 
tion  to be satisfied at an  open jet boundary is that  there  be  no  pressure  difference  across 
the  boundary.  This  boundary  condition  can be approximated by (ref. 2) 
Reference 3 gives  the  homogeneous  boundary  condition  to  be  satisfied at a perforated  wall 
as 
where R is a restriction  parameter which relates the  pressure  difference  across  the 
wall to the flow through the wall. In practice, R must be determined experimentally 
fo r  a given wall. A detailed  discussion of the  restriction  parameter  for both porous  and 
perforated walls can  be  found  in  reference 4. 
The  homogeneous  boundary  condition  to  be  satisfied at a wall with  several  longitu- 
dinal  slots is given  in  reference 5 as 
q + Z ~ = O  
where 1 is a slot parameter given by 
1 = 71n csc -- ( 3  
where t is the slot width and d is the distance between slot centers. This slot param- 
e te r  was derived  on  the  basis of two-dimensional  flow,  and it is assumed  that  it  can be 
applied at each  location  in  the  tunnel  even if the  slot  width  varies.  Equation (2) can be 
differentiated with respect to x to give 
For  constant  slot  width,  equation (3) becomes 
which is the  form  given by many  authors. 
The  ideal  slotted-wall  boundary  condition was derived  on  the  basis of inviscid  flow 
at the  slots.  In  reference 6 the  addition of another  term  to  account  for  the  effects of vis- 
cosity  in  the  slots is suggested. The boundary condition is then 
4 
t 
If the  coefficient 1/R is replaced by - 1 %  + -, this  boundary  condition will also apply  to R &  
walls which do not have constant slot width. As R approaches infinity, this boundary 
condition  approaches  that for an  ideal  slotted wall.  However, as pointed out in refer- 
ence 7, the  ideal  condition is not always  valid.  Experiments  have  shown  that  for  typical 
test -section configurations, R can be of the  order of unity (ref. 8) .  This value of R 
will  have a very  pronounced  effect  on  the  interference  in  the test section.  Thus, it is 
important  to  consider  the  effects of viscosity  in  the  slots  and  retain  the  additional  term 
in  the  boundary  condition.  Note  that no theoretical  method  exists  for  determining  the 
value of R for  a particular test section. It must be determined experimentally. This 
experimental  determination of the  restriction  parameter  might  be  quite  difficult  because 
for a tunnel  with  varying  slot  width  the  restriction  parameter  may  vary with  position  also. 
In  this  paper, a general  boundary  condition of the  form 
is considered. This boundary condition contains all previous conditions as special  cases 
as shown in  the  following  table: 
Type of boundary 
condition 
Closed wall  
Open jet 
Perforated wall 
Ideal  slotted wall 
(integrated  form) 
Ideal  slotted  wall 
(differentiated  form) 
Slotted wall including 
viscosity  in  slots 
c1 - 
0 
0 
0 
1 
0 
0 
c2 
0 
1 
1 
0 
1 
1 
c3 
1 
0 
1 
R 
2 
- 
2 
ax 
2 1  
& R  
- 
- + -  
0 
0 
0 
0 
2 
2 
Additional  discussions of these  boundary  conditions  may  be  found  in  references  4, 6,  and 7. 
Representation of Tunnel  Walls 
In  order to satisfy  the  homogeneous  boundary  condition,  the  tunnel  walls  are  divided 
into  longitudinal  strips  and  each  strip is divided  into a number of rectangular  elements. 
The  boundary  condition  will  be  satisfied at the  centroid of each  element.  The  coordinate 
5 
system to be used  has  the  X-axis  extending  along  the  tunnel  center  line,  with  the  positive 
direction  being  the  tunnel  stream  direction.  The Z-axis is positive  upwards,  and  the 
Y-axis is chosen so that  the  coordinate  system is a right-handed  system.  In  reference 1 
each  tunnel-wall  element  was  represented by a source  distribution of constant  strength 
over  the  element.  This  representation is particularly  suited to the  satisfaction of the 
ideal  slotted-wall  boundary  condition  in  integrated  form  (eq. (2)) because  for  this  case 
the  matrix of influence  coefficients is diagonally  dominant.  This  diagonal  dominance  also 
holds for the  perforated-wall  boundary  condition  for  small  values of R. However,  for 
the  ideal  slotted-wall  boundary  condition  in  differentiated  form or  for  large  values of R 
in  the  general  slotted-wall  and  perforated-wall  boundary  conditions,  this  representation 
would lead  to  elements  on  the  diagonal of the  matrix of influence  coefficients  which  are 
either  zero or  very  small.  This  nearly  singular  matrix  leads  to  numerical  difficulties 
and  inaccuracies  in  trying  to  solve  the  resulting  system of equations.  In  order  to  avoid 
these  difficulties, let each  tunnel-wall  element  be  represented by a source  distribution 
over  the  element  and  downstream of the  element at least to  the  end of the  strip.  The 
strength of the source distribution CJ varies linearly, with a slope u1 = &! on the ele- 
ment  itself  and  then  remains  constant  downstream of the  element.  This  representation 
is used so as to  have  the  source  strength  continuous  along a strip  and still have  only one 
unknown (the source  strength  slope)  for  each  element.  Thus,  the  source  strength is zero 
at the  upstream  end of the  strip  and  varies  in  linear  segments  along  the  length of the 
strip. If 'p* is the potential function for a particular element divided by the source 
strength slope 0' for that element, then 
dx' 
N 
(ow = 1 'p*CJ! 
J J  
j = l  
where N is the total number of 
Consider  an  element  in  the 
elements. 
top or bottom wall with corners  as shown in  figure 1. 
Figure 1.- Schematic of an  element i n  top or bottom  wall. 
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The  potential  function at a point  (x,y,z)  due  to  this  source  distribution is 
This  potential  function  and its derivatives  must be evaluated  to  satisfy  the  boundary  con- 
ditions. . For convenience in writing the equations, let x1 = x - (1, x2 = x - 527 
xL = x - t,, y1 = y - vl, y2 = y - q2, and z1 = z - Cl. The required equations are then 
and 
8 
In order to find the effect of an element in a side wall, y and z must be inter-  
changed in equations (6) t o  (11). By examining equations (10) and (11) for  z1 - 0, the 
effect of a n  
and 
element at its own centroid is found to be 
2 LLL = -2m 
axan 
At points of the  same  strip but downstream of the  element 
an - 61) 
and 
At all other  elements of the wall in  which  an  element is located, its contributions  to 
aq*/an  and a2q*/aX an are   zero.  
Computation of Source  Strength  Slopes 
In  order  to  compute  the  source  strength  slopes  required  to  satisfy  the  boundary  con- 
ditions at the  centroid of each  element, a matrix  equation is needed  to  express  these 
boundary conditions. Let a.. be the effect at the centroid of the ith element due to the 
13 
source  distribution  corresponding  tohe  jth lement = + c 3  aSo* an ax 
+ c 4  Ex an *). Let bi be the effect of the model at the centroid of the ith element 
b = c l q m  + ~2 aqm + c3  avm + c4 a2 mm) . Then the matrix equation which expresses 
the  boundary  condition is 
AX' = -B 
where 
A = Pij] 
c' = pj3 
and 
Equation (12) can be solved  for  the  values of . 2 which can  then be used  to  compute  the 
interference  potential  due  to  the  tunnel  walls  through the use of equation (5). 
1 
9 
RESULTS AND DISCUSSION 
J 
A s  a relatively  simple  example,  consider  the lift interference  due  to a small  lifting. 
wing mounted  in  the  center of a square  test  section  with  solid  side  walls  and  four  equally 
spaced  slots  in  the  top  and  bottom walls. Each  tunnel  wall is divided  into  four  strips of 
equal  width  and  each  strip is divided  into 10 elements by cutting  planes at x = -1.00, 
-0.70, -0.45, -0.25, -0.10, 0.00, 0.10, 0.25, 0.45, 0.70, and 1.00, (For convenience, the 
tunnel  width is taken  to  be  unity.) 
The wing is represented by a horseshoe vortex of circulation rm. The span s 
of the  horseshoe  vortex is assumed  to be so small  that it becomes a vortex  doublet start- 
ing at (O,O,O). The perturbation velocity potential function qm at a point (x,y,z) due to 
this  representation of the  model is given by 
so that 
1 aqm -1 2x yz + 3xy z + 3xyz 3  3  3 "= 
r m s  aY 2 
2YZ 4- 
4a(y2 + 22) (x2 + y2 + 22) 3/2 
"- 1 a<p, - 1 x3y2 + xy4 - x3z2 - xy2z2 - 2xz 4 
rms az 
4 4 y 2  + 22) (x2 + y2 + 22) 3/2 
- 
and 
These  quantities  are  used on the  right-hand  side of equation (12) which is then  solved  for 
The values of rms are suitable for the computation of the upwash velocity 
10 
- ww -  - at any  point  in  the  test  section by summing  the  velocity  due  to  each 1 aqw rms rms az 
element. The lift interference  factor (ref. 5) is then 
Figure 2 shows  the lift interference  factor at the  center of the  tunnel as a function 
of the ratio of the  slot  width  to  the  distance  between  slot  centers.  The  results  were  com- 
puted by using  the  ideal  slotted-wall  boundary  condition  in  both  integrated  and  differenti- 
ated  forms.  The  results  computed by using  the  integrated  form of the  boundary  condition 
-. I O o  L l  I I 1 I I I 1- 
.02 .04 .06 .08 .I 0 .I 2 ,I4 ,I 6 . I 8  .20 
Ratio of slot width to distance between slot centers ,t/d 
Figure 2.- L i f t  i n t e r f e r e n c e  f a c t o r  at  vanishingly small-span wing 
in  square  tunnel  wi th  four  slots i n  t o p  and bot tom walls .  
(solid-line  curve)  are  the  same as those  computed by using  the wall  representation of 
reference 1. The  difference  in  the lift interference  factor when the  boundary  condition is 
used  in  the  two  different  forms is due  to  the  fact  that  the  differentiated  form of the bound- 
a ry  condition  does not satisfy  the  additional  requirement  that  there  be no disturbance  due 
to the  tunnel walls at an  infinite  distance  upstream of the  model.  However,  the  addition 
of elements  to  the  upstream  end of the  test  section  rapidly  eliminates  the  difference. 
When the  test  section starts three  tunnel  widths  upstream of the  model,  the  difference is 
very  nearly  zero.  The  reason  for this can  be  seen  more  clearly  in  figure 3 which  shows 
11 
w Method of reference I ,y+Z dn =O 
I 7/ Present method, 5 +Zsn =O 
- I  0 
Longitudinal  distance  along  strip 
I 
Figure 3.- Variation of source s t rength along wall. 
a typical  variation of the  source  distribution  strength  along one of the  str ips of the top 
wall. It  can be seen  that  the  distribution which corresponds  to  the  differentiated  form of 
the  boundary  condition would have  the  same  value at the  centroid of each  element as the 
other  distributions if the  source  strength was increased by a constant  amount.  This  con- 
stant  shift  corresponds  to  the  source  strength which  would have  been  built up by the 
point x = -1 on an infinitely long test section. The error caused by using the differ- 
entiated  form of the  boundary  condition  comes  about not so much  because  the  source  dis- 
tribution on the far upstream  portion of the  test  section is not included, but rather  because 
the  source  strength which  would have  been  built up on the far upstream  portion of an 
infinitely  long test  section is not included all along  the rest of the  test  section.  Putting 
additional  elements  farther  upstream of the  model  almost  completely  eliminates this 
e r ro r ,  but requires a larger  matrix which takes up more  computer  storage  and  time. On 
the  downstream  end, the source  distribution which  extends  downstream  from  each  element 
can be extended  beyond  the  end of the last element i f  desired. 
Figure 4 shows  the  lift  interference  factor at the  center of the  tunnel  with  the  gen- 
eral  slotted-wall  boundary  condition  used  for  several  values of the  restriction  param- 
eter  R. This  figure  shows  that  the  effects of viscosity  in  the  slots  can  be  very 
significant. 
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Figure  4.-  L i f t  i n t e r f e r e n c e  f a c t o r  at  vanish ingly  smal l - span  wing  
i n  s q u a r e  t u n n e l  w i t h  f o u r  slots i n  t o p  and  bot tom wal l s  for  
s eve ra l   va lues   o f  R. 
The  results  presented  here are for  the  simple  case of a small-span wing mounted  in 
the  center of a tunnel  with  constant  slot  width  and  constant  restriction  parameter.  The 
method,  however, is applicable  to  more  general  problems.  The  model  representation  can 
be  quite  general,  including  the  case of a large-span  swept wing with  nonuniform  loading 
located  anywhere  in  the test section.  The  slot  width  and  restriction  parameter  may  vary 
with  position  on  the  boundary.  The  results  presented  here are also for the  case of a test  
section  which  extends  one  tunnel  width  upstream  and  downstream of the  model.  This 
arrangement of tunnel-wall  elements  was  used  for  several  reasons. First, the  computer 
time  required  to  invert a matrix of this  size (N = 160) is not too  large (about 1 minute  on 
a Control  Data 6600 computer  system).  Second,  the  results  can  be  compared  directly 
with  those of reference 1 which used  the  same  arrangement of elements but a different 
source  distribution  to  represent  each  element.  Third,  use of this  tunnel  length  clearly 
shows  the  error  caused by using  the  differentiated  form of the  ideal  slotted-wall  boundary 
13 
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condition  and not including  the  portion of the  boundary far upstream of the  model. 
Greater  accuracy  could  be  obtained by adding  elements  to  the  test  section,  particularly 
farther  upstream of the  model,  and by letting  the  constant  strength  source  distribution 
which trails downstream of each  element  to  extend beyond the  end of the last element to 
a large distance downstream of the model. In equations (7) to  (ll), xL can be allowed 
to  approach  minus  infinity  and  simplify  the  equations  somewhat.  This is not possible 
in  equation (6), so when the  ideal  slotted-wall  boundary  condition is used  in  integrated 
form,  the  test  section  must  be  terminated at a finite  distance  downstream of the  model. 
Although  the  present  development is oriented  toward  tunnels of rectangular  cross  section, 
it could  be  extended to  other  cross-sectional  shapes. 
The  sample  computer  program  given  in  the  appendix is not the  one  used  to  compute 
the  results shown here. It has  additional  elements  farther  upstream  and  downstream of 
the  model  for  greater  accuracy.  In  the  sample  program  the  elements  extend  from 
x = -2.6 to x = 1.8, and  the  constant  strength  portion  downstream of each  element 
extends to tL = 10. This program requires about 240 0008 storage locations and about 
5 minutes on a Control  Data 6600 computer  system. 
CONCLUDING REMARKS 
A  numerical  method for calculating  the  boundary-induced  interference  in  slotted or  
perforated wind tunnels  has  been  presented.  The  method  includes a wall representation 
which is capable of satisfying a generalized  boundary  condition  including  the  effects of 
viscosity  within  the  slots of a slotted-wall  tunnel.  The  method is limited  to  incompress- 
ible flow and  requires  the  experimental  determination of one of the  coefficients  in  the 
boundary condition. It is also  limited  to  finite-length  test  sections. 
The  method  presented  has  broad  applicability  and  allows  for  the  boundary  condition 
to  vary  over  the  test-section walls. This  feature  should  aid  in  the  design of test   sections 
which  have  nearly  constant  interference  over  the  space  occupied by the  model.  The 
model  representation is also  quite  general,  including  the  case of a large-span  swept  wing 
with nonuniform loading located anywhere in the test  section.  The  interference  can  also 
be  computed  anywhere  in  the  test  section.  The  effects of viscosity  in  the  slots are found 
to be very  significant. 
Langley  Research  Center? 
National  Aeronautics  and  Space  Administration, 
Hampton,  Va.,  June 30, 1972. 
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